Correct termination of transcription of the rRNA gene in nucleoli isolated from Tetrahymena is dependent on a protein factor with a molecular weight between 50,000 and 100,000. At low ionic strength the endogenous RNA polymerase synthesizes a transcript identical in size to the precursor rRNA extracted from cells. In the presence of ammonium sulfate, however, the RNA polymerase reads through the normal termination point as demonstrated by size and hybridization studies of the transcript. After ammonium sulfate treatment, rDNA associated with chromosomal proteins (r-chromatin) can be separated from the termination factor by differential centrifugation. The endogenous RNA polymerase on the salt-treated r-chromatin is no longer able to recognize the normal terminator even at low ionic strength. Normal termination properties can be reconstituted by complementation with intact nucleoli or with a protein factor extracted from nucleoli.
Gene expression in prokaryotes is regulated at the level of initiation of transcription and by termination signals located at the end or within the transcriptional units (for reviews, see refs. 1 and 2). Studies of transcription termination in vitro using bacterial and bacteriophage DNAs as templates have shown that specific termination may be induced by two different mechanisms: (i) rho-independent termination which results from a direct interaction between the RNA polymerase and specific sequences on the DNA template or the nascent RNA or both; and (ii) rho-dependent termination which is controlled by the protein factor rho.
A model for the rho-catalyzed termination has been reviewed in ref. 2 . In this model the translational machinery attached to the nascent RNA chains plays an important role in preventing intracistronic termination. It is unclear whether rho is also involved in the termination of transcription of non-translated RNAs-for example, rRNA. Little is known about termination in eukaryotes; however, the physical separation of the transcriptional and translational machineries immediately suggests that a mechanism different from that proposed for rho-dependent termination should be involved. We have studied the transcription termination process on the rRNA genes from Tetrahymena in vitro and present results demonstrating that a dissociable nucleolar protein is responsible for correct termination.
MATERIALS AND METHODS
Preparation of Nucleoli and rDNA Associated with Chromosomal Proteins (r-Chromatin). Nucleoli were isolated from exponentially growing cultures of Tetrahymena pyriformis, strain GL (amicronucleate), by the sucrose cushion technique (3) . For certain purposes the endogenous RNA polymerase activity in the nucleoli was destroyed by irradiation with ultraviolet light (360 J/m2; Germicidal lamp). r-Chromatin depleted in termination factor was prepared by treating the macronuclear extract containing nucleoli (3) with 160 mM (NH4)2SO4 on ice for 30 min. Under these conditions the rchromatin was released from the nucleolar matrix (4) . After removal of insoluble material by centrifugation at 15,000 X g for 10 min, the released r-chromatin was purified by centrifugation into a double cushion of 0.5 ml of 80% (wt/vol) sucrose and 1.0 ml of 30% sucrose in 10 mM Tris-HCl, pH 7.2/140 mM NaCl/1 mM 2-mercaptoethanol/1 mM EDTA (cushion buffer). The material was centrifuged in the Beckman SW 41 rotor for 1 hr at 200,000 X g. The r-chromatin was collected in 1 ml from the bottom of the tube. This r-chromatin will be referred to as "salt-treated r-chromatin." Nucleoli sediment very differently from salt-treated r-chromatin: nucleoli are pelleted by centrifugation at 10,000 X g for 10 min, whereas salt-treated rchromatin sediments as a 50S particle.
Transcription 
RESULTS
Recently we have demonstrated that nucleoli containing essentially pure rDNA can be isolated from Tetrahymena (3). The endogenous RNA polymerase transcribes the rRNA gene faithfully in vitro. The maximal size of the transcripts is identical with the largest stable in vivo synthesized precursor rRNA, suggesting that correct termination occurs in vitro. The first indication that transcription termination might be manipulated in vitro was the observation that addition of 120 mM (NH4)2SO4 to the nucleoli during transcription increased the maximal yield of transcript about 75% (Fig. 1 ). Since little, if any, reinitiation of transcription occurred under these conditions (unpublished results), the observation suggests that sequences distal to the termination site are transcribed in the presence of ammonium sulfate.
The suppression of normal termination by ammonium sulfate was shown by studies of the size and hybridization properties of the in vitro transcript. The molecular weight of the transcripts was measured on agarose/urea gels ( Fig. 2A) . At low ionic strength, the normal precursor rRNA (molecular weight, 2.3 X 106) was synthesized. However, after addition of (NH4)2SO4 to concentrations of 80-160 mM, the maximal molecular weight increased to about 3.0 X 106. The in vitro transcript synthesized at low ionic strength hybridized only to the two largest fragments generated by digestion of rDNA with BamHI (Fig. 2B) . The same results were obtained using in vivo synthesized precursor rRNA (unpublished results). The transcript synthesized in presence of 120 mM ammonium sulfate hybridized to all four BamHI-generated fragments.
The model for the rDNA palindrome based on studies by Engberg and Din (8) and Karrer and Gall (9) is presented in Fig.  3 . The 3' end of the 25S rRNA is located near the distal end of the 1.9-kilobase BamHI-generated fragment. Because the rRNA precursor did not hybridize to the two small BamHI restriction fragments (Fig. 2B) , the normal termination site must be very close to 7.5 kilobases from the axis of symmetry of the rDNA molecule. A number of studies (3, 10, 11) have shown that the molecular weight of the precursor rRNA is about quences. Because the results of Niles (11) indicate that this precursor rRNA is also the primary transcript, the origin of transcription is probably about 0.5 kilobase from the center of the rDNA molecule. The maximal size of the RNA that could be synthesized from this point to the end of the molecule is 3.0 X 106 daltons, which fits with the estimated molecular weight of the transcript synthesized in presence of ammonium sulfate ( Fig. 2A) . Thus, after removal of the termination signal the RNA polymerase reads to or very close to the end of the rDNA molecule.
r-Chromatin treated with ammonium sulfate could be separated from the factor responsible for correct termination by sucrose cushion centrifugation. Transcription of salt-treated r-chromatin under standard low ionic strength conditions resulted in the synthesis of "read-through" transcript with a (8) and Karrer and Gall (9) . Arrows, cleavage sites of BamHI; kb, kilobases. molecular weight of about 3.0 X 106. Normal termination of transcription could be reconstituted in the salt-treated-rchromatin by addition of untreated nucleoli. For convenience, the endogenous RNA polymerase activity in the nucleoli used for complementation was inactivated by irradiation with ultraviolet light but qualitatively the same results have been obtained with nonirradiated nucleoli. After addition of saturating amounts of irradiated nucleoli, the salt-treated r-chromatin synthesized normal 2.3 X 106 dalton RNA (Fig. 4A) . The amount of nucleoli needed for full reconstitution of the normal termination properties was 1.5-2.0 times the amount of salt-treated rchromatin on the basis of rDNA but at the present it is not clear whether the termination factor acts in a catalytical or stoichiometric way. Full reconstitution of termination could also be obtained by complementation with an extract from nucleoli (Fig. 4B) . The extract contained no DNA or RNA polymerase activity. The RNA transcribed from reconstituted salt-treated r-chromatin hybridized only to the two large BamHI-generated rDNA fragments, exactly as shown for the transcript from intact nucleoli (Fig. 2B) .
Gel filtration of the termination factor extracted from nucleoli showed that it is included in Ultrogel AcA 34. From the elution profile, a molecular weight between 50,000 and 100,000 was estimated (Fig. 5) . The termination factor was inactivated by heating to 600C or by digestion with trypsin prior to the complementation assay (Fig. 6 ). In control experiments in which the diisopropyl fluorophosphate was added prior to the trypsin, the reconstituting activity was fully retained. These The nucleolar extract was prepared as follows. Nucleoli concentrated by centrifugation were resuspended in 10 mM Tris, pH 7.2/1 M NaCl/1 mM EDTA/1 mM 2-mercaptoethanol/10% sucrose. After 10 min at 0°C the chromatin was pelleted by centrifugation at 100,000 X g for 60 min. The supernatant was dialyzed against the same buffer, except that the NaCl concentration was 0.1 M, prior to the complementation assay. The molecular weight of the transcripts was determined by gel electrophoresis as in Fig. 2. experiments strongly suggest that the factor is a protein.
Whether the factor is associated with the-RNA polymerase, the DNA, or the RNA is not clear at present.
DISCUSSION
We have shown that correct termination of transcription of the rRNA genes in nucleoli isolated from Tetrahymena is dependent on a protein factor. The possibility that the component might be a processing nuclease is unlikely because addition of the complementing factor after transcription of salt-treated r-chromatin does not decrease the size of the transcript to that of normal precursor rRNA. Moreover, the transcript from both nucleoli and reconstituted salt-treated r-chromatin does not hybridize with the two terminal BamHI-generated fragments of rDNA.
The termination factor can be dissociated reversibly from the r-chromatin; high ionic strength favors dissociation. Fig.  4 shows that a certain amount of the RNA polymerase on salttreated r-chromatin terminates transcription at the normal termination sequence. Whether this is a result of an incomplete extraction of the factor by salt or of a certain amount of factor-independent termination is not yet clear. It is interesting, however, that complete suppression of termination can be obtained with the DNA-and RNA-binding agent lucanthone (12) .
The termination factor can also be removed from r-chromatin by treatment of Tetrahymena nucleoli with a mixture of sodium dodecyl sulfate and Triton X-100 in concentrations of 0.002% and 0.004%, respectively (4) . Recently it has been suggested, from experiments with nucleoli from Novikoff hepatoma cells (13) and simian virus 40 chromatin (14, 15) , that factors necessary for termination in these systems could be removed from the chromatin with detergents and salt. Considered The great potential of the experimental system described for studies of transcription termination in a eukaryotic cell is based on the fact that the termination factor can be dissociated from and reconstituted back to the r-chromatin in vitro. We together, these results indicate that different types of chromatin contain factors necessary for correct termination and that these factors could be lost by exposure of the chromatin to detergents or salt. This might explain the in vitro synthesis of RNA larger than the known precursor rRNA in certain nucleolar systems (for review, see ref. 16 ).
